Telomere length in Drosophila is maintained by targeted transposition of three non-LTR retrotransposons: HeT-A, TART and TAHRE (HTT), but understanding the regulation of this process is hindered by our poor knowledge of HTT associated proteins. We have identified new protein components of the HTT array: Chromator (Chro), the TRF2/DREF complex and the sumoylation machinery. Chro was localized on telomeric HTT arrays by immunostaining, where it may interact with Prod directly, as indicated by yeast two-hybrid interaction, co-IP, and colocalization on polytene chromosomes. The TRF2/DREF complex may promote the open structure of HTT chromatin. The protein interactions controlling HTT chromatin structure and telomere length may be modulated by sumoylation.
Introduction
Drosophilids lack telomerase; their chromosome length is maintained by targeted transposition of HTT elements and homologous recombination between these elements (1;2). To understand the mechanisms that regulate telomere length, it is important to unravel the protein components of HTT-associated chromatin, however these are difficult to identify genetically because of the absence of a predictable mutant phenotype. Three components of HTT chromatin have been identified by immunostaining: Z4, JIL-1 and Prod (3;4) , and HP1 was detected on HTT by immunoprecipitation (5) . The potential roles of HP1 and Prod on the HTT array has been partly elucidated, but those of Z4 and JIL-1 are not known.
HP1 is encoded by the Su(var)205 gene. Increased levels of HeT-A transcript observed in Su(var)205 mutants is attributed to reduced HP1 on the HTT array (5), while a defect in the capping function in mutants for these genes may lead to increased retroelement transposition, terminal gene conversion, and elongated telomeres (2;4) .
We have shown previously that Prod binds upstream of the HeT-A promoter and acts as a repressor of HeT-A transcription, however we did not detect elongated telomeres in prod heterozygous mutants (4) . Z4, encoded by pzg, is a component of two protein complexes that generate open chromatin: TRF2/DREF (6) and NURF (7) . pzg mutants, however, are haplo-suppressors and triplo-enhancers of position effect variegation (PEV), indicative of an opposite role in chromatin condensation, and accordingly polytene chromosomes in pzg mutants exhibit decondensation (8) .
JIL-1 phosphorylates histone H3 at Ser 10 (9).
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Mutations that reduce JIL-1 function increase condensation of euchromatic regions in polytene chromosomes and are enhancers of PEV (10), consistent with a role of JIL-1 in maintaining an "open" chromatin configuration. We searched for novel protein components of HTT chromatin based on an interaction with Prod in a protein interaction screen, and tested the presence of Prod-interacting proteins on telomeres. One interaction could be verified by co-immunoprecipitation.
Materials and methods

Yeast two-hybrid screen
The Clontech Matchmaker cDNA library was screened (Cat. no: IL4003AH) according to the manufacturers instructions. The bait was full length prod cDNA in the pBTM116 vector. The library makes use of the pACT2 vector, thus the interaction rescues Leu auxotrophy and activates the Gal4 gene for blue selection. Blue positives were transferred to new plates and restained for β-gal activity three times, to minimize background. Approximately 120,000 cDNA clones were tested, and the best 100 potential interactors were sequenced.
Immunoprecipitation
10 7 S2 cells were centrifuged for 1 min. at 6000 rpm, washed in 1xPBS and resuspended in 1ml lysis buffer (50mM Tris 7.5, 50mM NaCl, 0.2% NP-40, 0.5mM EDTA, 1mM PMSF, Roche complete mini protease inhibitor, 1mM DTT). After 1h on ice, the lysate was centrifuged for 2 min. at 4°C, 10,000 rpm, then the supernatant was recentrifuged at 13,000 rpm for 10 min. For preclearing 25l bead volume protein-A sepharose was added to the supernatant and rotated for 1h at 4°C, then centrifuged at 2000 rpm for 1 min. Beads were washed 3 times in lysis buffer, then taken up in 1x Laemmli and run in control lanes.
Precomplex was made by incubating 50μl bead-vol protein-A sepharose with 6μl anti-PROD-AB (or 10μl anti-CHRO-AB) in 1 ml lysis buffer for 1h at 4°C, then washed 3 times for 5 min in lysis buffer. Half of the precomplex was run as a control in AB lane, the other half was added to the precleared lysate and incubated overnight at 4°C. Beads were centrifuged for 1 min at 2000 rpm. 1/50th of supernatant was run in lane REST to monitor the IP efficiency. Beads were washed 3 times for 5 min in lysis buffer, then resuspended in 40μl 1x Laemmli and loaded on gels.
Immunofluorescence
Polytene chromosomes and immunostainings were prepared as described previously (4) . Rabbit anti-Prod antibodies have been described (11) . Rabbit anti-Chro (12) and mouse anti-Z4 antibodies were a gift of Dr. Harald Saumweber. Rabbit anti-Smt3 antibodies (13) were provided by Dr. Jacob Seeler. Rabbit anti-DREF antibodies (14) were from Imre Boros. Antibodies were used in the following dilutions: Prod 1:2000, Z4 1:2, Chro 1:1000, Smt3 1:50, DREF 1:500. The appropriate Alexa Fluor 546-and 488-conjugated secondary antibodies (Invitrogen) were used to visualize primary labeling.
Fly stocks
prod U is null allele with a stop codon after aa 94. prod E is a hypomorphic allele (G61E). smt3 04493 is a P-induced null; lwr 5 is a weak hypomorph; lwr 05486 is null; pzg 1.3 is a null. chro  KG12 resulted from an imprecise excision that deleted most of the coding region (12) . JIL-1 3 is a gain of function mutation, while JIL-1 z2 is a loss of function null allele (9). Other mutants are described at FlyBase.org.
DNA extraction and qPCR
HeT-A primers and qPCR are described in (4). The mutants tested were all heterozygous (except Tel 1 ). The y w 67c23 ; Sco/SM1 and y w 67c23 ; Sb/TM6 stocks were produced through a series of crosses to substitute unbalanced chromosomes with those from our y w 67c23 ; Oregon-R control. Before the qPCR assessment of relative genomic HeT-A copy number, mutants were crossed repeatedly to appropriate balancer stocks to generate similar genetic backgrounds, then maintained in stock for two years to allow the retrotransposon array to grow.
Results and Discussion
Yeast two-hybrid screening
Interactors that were identified more than once, gave strong staining, or could be related to telomeres are listed on Table 1 .
Prod was found four times, suggesting that Prod interacts with itself, as suggested earlier (15) . Smt3 activating enzyme 2 (Uba2) was identified six times, and Ubc9 (encoded by lwr), the SUMO-specific E2 conjugating enzyme, was identified as one of the strongest interacting peptides. Thus, two major members of the sumoylation pathway interact with Prod, suggesting that either Prod is sumoylated, or Prod recruits the SUMO machinery to modify Prod interacting proteins.
Among other interacting peptides Z4 and Chro are of particular significance. Z4 is one of the few known proteins associated with the HTT domain (3).
Chro a chromodomain protein, (synonymous name Chriz), was identified by its interaction with Z4 (8) and was shown to localize on XL and 2L telomeres (12) . Chro also interacts directly with JIL-1 (16), although the latter was not found in our screen, and Chro, JIL-1 and Z4 colocalize in the interbands of polytene chromosomes (12) . It is reassuring that both Z4 and Chro showed up in the screen, suggesting that these proteins can be part of a common complex, and Chro might also colocalize with Z4 and JIL-1 on telomeres. 
Prod binds Chro in vivo directly
To confirm the in vivo relevance of the possible Prod-Z4 and Prod-Chro interactions we performed co-immunoprecipitation experiments from Drosophila S2 cells. Figure 1 demonstrates that Chro can be co-immunoprecipitated with Prod, and a small fraction of these proteins seem to be associated in vivo. Together with the yeast two-hybrid result this suggests that Prod binds Chro directly, and these proteins can be part of a common complex, at least at those sites where they colocalize. The Prod-Z4 interaction could not be confirmed the same way. 
Immunolocalization on telomeres
To investigate whether Chro and Z4 colocalize with Prod at telomeres, we performed immunofluorescence on polytene chromosomes of Tel/Oregon-R hybrids. In contrast to Oregon-R chromosomes, the chromosomes maintained in the presence of Tel 1 have greatly extended HTT arrays. This facilitates the identification of proteins binding to the asymmetric HTT arrays of the hybrids (3;4). As both the available Prod and Chro antibodies were derived from rabbit, we could not use them together in these experiments.
Our results show that Z4 colocalizes with Prod at the HTT arrays of all chromosomes (Figure 2A ), confirming previous immunocytochemistry observations with single antibody staining, which showed that Z4 binds to HTT (3) . In contrast to a previous report (12), we found that Chro is present on all telomeres ( Figure  2B ). In addition, our immunostaining results demonstrate that Chro colocalizes with Z4 not only in interbands but also on telomeres ( Figure 2C ), in the same pattern that has been demonstrated for Prod (4) . Large terminal deficiencies removing both telomere-associated sequence (TAS) repeats and HTT seem to abolish Z4/Chro/Prod telomeric binding, while removing TAS alone does not affect telomere binding of either protein, indicating that HTT is a predominant target for a potential Z4/Chro/Prod protein complex.
The Prod and Z4/Chro staining pattern of chromosome arms is generally complementary with few overlaps (Figure 2A) ; their HTT colocalization seems to be an exception rather than the rule. This makes it likely that the Prod-Chro interaction is restricted to these overlapping sites, including HTT, and can explain why only a small fraction of Prod and Chro are associated with each other in vivo. Chro is also part of the spindle matrix, where it interacts with Skeletor and EAST (19) . As Chro also directly interacts with Z4 (8), JIL-1 (16) and Prod (present study), Chro appears to be an adaptor protein, which can connect different chromatin components in a context dependent manner.
As Z4 is part of the TRF2/DREF complex (7;8), we also tested for the presence of DREF on HTT arrays with immunostaining. DREF was found to be abundant on all HTT arrays ( Figure 2D) , suggesting that the entire TRF2/DREF complex is present, which may contribute to the euchromatic structure of HTT reported previously (20) . As HTT elements lack the DREF target sequence TATCGATA (21), the complex must be anchored differently, possibly through Z4.
The single Drosophila SUMO homologue is Smt3 (22) , so sumoylated proteins can be identified by anti-Smt3 antibodies. We tested the presence and distribution of this modification on telomeres with the same method as above. Telomeric ditribution of Smt3 indicates that the HTT array is heavily sumoylated in a pattern that coincides with Prod ( Figure 3) . 2R and 2L (B) . The terminal 2L deficiency Df(2L)GB26/Cy (23) (C) shows significant sumoylation only on the balancer chromosome (arrow), not at the terminal deficiency chromosome (arrowhead), although it also has a capping complex. The sumoylation level of the X chromosome telomere in wild type (E) is comparable to that of the y 1 w chromosome (D), which lacks X TAS, indicating that TAS associated proteins may not be sumoylated significantly.
Sumoylation is often associated with transcriptional repression (24) , thus sumoylation may contribute to HTT transcriptional inactivation together with Prod and HP1, or it may act as a switch between chromatin states. We do not know which HTT binding proteins are sumoylated. Prod, Chro and JIL-1 each have 2-3 very high probability sumoylation sites, while Z4 does not. It is notable that we identified Windei, a cofactor of the H3K9 methyl transferase dSETDB1/Eggless (25) , as a strong interactor of Prod, although this interaction remains to be confirmed. Eggless is the only essential H3K9 methyltransferase in Drosophila required for H3K9 trimethylation in the female germ line (26) , where HTT retrotransposons are active, and it was shown to silence HeT-A transcription (27) . Binding of the telomeric component HP1 depends on H3K9 modification made by Eggless, which has been shown to be strongly sumoylated (25) .
Telomere length in heterozygous mutants
The chromatin state of HTT may influence telomere length through modulating retrotransposition or gene conversion (1) . In heterozygous mutants the reduced protein concentration can lead to phenotypic change if the threshold value required for wild type exceeds 50% gene activity. For example, longer telomeres are detected in Su(var)205 heterozygotes (2). We tested whether mutants of known HTT components have an effect on telomere length by comparing the HeT-A content of mutant heterozygotes to wild type using quantitative PCR (Figure 4) . We found that reduced levels of Prod, Chro, JIL-1, Z4, SUMO, or Ubc9 have little or no influence on telomere length. Previously we found a slight (1.1-1.6x) but insignificant difference between the HeT-A copy number of prod mutants and Oregon-R control (4), while in the present study we found slightly larger increases (1.5-2.2x), possibly because more effort was made to control the genetic background. However after making a Bonferroni correction, with a stringent p-value to exclude possible false positives, only prod U shows a significant increase. Altogether the four prod alleles tested in two different labs show a slight increase in HeT-A copy number, suggesting that the increase may be real, although weak. Again, after making the Bonferroni correction, none of the other mutants tested showed an indication of significantly longer telomeres, or the observable effect may be very weak, as suggested for prod mutants. So in the tested heterozygous mutants the gene dosage changes do not sufficiently alter chromatin structure or sumoylation of HTT proteins to increase either transposition frequency or gene conversion at telomeres.
Conclusions
Chro seems to be a central mediator of protein interactions on the HTT domain, where it can interact directly with Prod, JIL-1, and Z4 (part of the DREF complex). Prod binds as a multimer upstream of HeT-A promoters and may recruit the SUMO machinery, which may in turn modify the binding affinity of different components. It is doubtful, however, that any of these activities influence telomere length.
